Introduction
============

Bone regeneration in large bone defects resulting from trauma, inflammation and tumor resection remains an important but unsolved problem in trauma and orthopedic surgery. Limitations of the established techniques, such as distraction osteogenesis and implantation of autografts or allografts include problems with storage, immune reaction, infection risk, pain and availability.[@R1]^,^[@R2] Synthetic scaffolds have evolved as a vivid alternative for bone reconstruction.[@R3] The scientific field of tissue engineering has emerged as an important approach for bone regeneration. Newly developed implant materials like hydroxyapatite, polymers and composites, partly in combination with growth factors, bone marrow or mesenchymal stem cells are studied as alternatives, but until now none of the synthetic bone graft materials has been generally accepted.[@R4]^-^[@R6]

This article reviews the characterization of embroidered and surface coated polycaprolactone-co-lactide (trade name: PCL, Catgut GmbH) scaffolds as a bone graft substitute in large bone defects. The scaffolds design and fabrication, its properties, as well as the surface modifications and their influence in vitro were evaluated, followed by a step by step analysis of the scaffolds in vivo, including orthotopic implantation in small and large animal models ([Table 1](#T1){ref-type="table"}).

###### Survey of the in vitro and in vivo studies about embroidered and surface modified PCL scaffolds as bioartificial bone substitute

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                                 Study design                                                                                                                           Methods                                                                                                                                                                                                                                                                            Main results                                                                                                                        Reference
  ------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------- -----------
  In vitro studies                      [Material]{.ul}: non-coated, NaOH treated, Coll I and Coll I/CS coated PCL scaffolds\                                                  \- Micro computered tomography,\                                                                                                                                                                                                                                                   \- Adequate porosity and pore size\                                                                                                 7, 8, 9
                                        [Scaffold design]{.ul}: round, 1 mm thick, 14 mm outer and 4 mm inner diameter or 19 mm outer and 10 mm inner diameter\                - Scanning electron microscopy,\                                                                                                                                                                                                                                                   - Coll I enhanced cell attachment and proliferation\                                                                                
                                        [Cells]{.ul}: MSC\                                                                                                                     - Contact angle measurement,\                                                                                                                                                                                                                                                      - Coll I/CS induced osteogenic differentiation of MSC without differentiation additives                                             
                                        [Analysis]{.ul}:\                                                                                                                      - Quantification of CS and Coll I (toluidine blue and sirius red),\                                                                                                                                                                                                                                                                                                                                                    
                                        - Scaffold properties (structure, porosity, pore size),\                                                                               - Measurement of lactate dehydrogenase and alkaline phosphatase,\                                                                                                                                                                                                                                                                                                                                                      
                                        - Adherence, proliferation and differentiation of MSC                                                                                  - Calcium measurement (o-cresolphthalein complexone) and histology (von Kossa),\                                                                                                                                                                                                                                                                                                                                       
                                                                                                                                                                               - Reverse transcriptase polymerase chain reaction (alkaline phosphatase, bone sialoprotein)                                                                                                                                                                                                                                                                                                                            

  In vivo study, orthotopic (femur),\   [Material/groups]{.ul}: non-coated, Coll I and Coll I/CS coated and Coll I/CS coated/hMSC seeded PCL scaffolds, 5 animals per group\   \- Radiography, computered tomography and final bone volume quantification\                                                                                                                                                                                                        \- Coll I coating acts as matrix for cell adhesion and proliferation\                                                               10
  immunodeficient nude rat              [Scaffold design]{.ul}: round, 0.5 mm thick, 5 mm diameter, stack of 10 scaffolds per defect\                                          - Histology/immunohistology: estimation of new bone formation (trichrome masson-goldner, osteopontin, osteonectin, collagen II), quantification of vessel formation (smooth muscle actin), cells survival (human nuclei), quantification of matrix deposition (histomorphometry)   - Coll I/CS coating allowed recruiting\                                                                                             
                                        [Cells]{.ul}: hMSC undifferentiated\                                                                                                                                                                                                                                                                                                                                                                                      of cells, osteogenic stimulation and induction of new bone formation\                                                               
                                        [Animal model]{.ul}: 5 mm critical size defect, duration12 weeks                                                                                                                                                                                                                                                                                                                                                          - Additional cell seeding showed higher matrix accumulation and vascularization, but could not clearly improve new bone formation   

  Pilot in vivo study,\                 [Material/groups]{.ul}: Coll I/CS coated PCL, scaffolds, 5 animals per group and time point\                                           \- Radiography, computered tomography, micro computered tomography,\                                                                                                                                                                                                               \- Appropriate network of pores to permit a complete vascularization and bone tissue formation\                                      
  orthotopic (tibia),\                  [Scaffold design]{.ul}: 1 mm thick, 19 mm outer, 10 mm inner diameter, stack of 30 scaffolds\                                          - Bone volume quantification\                                                                                                                                                                                                                                                      - New bone formation at the proximal and distal tibia fragments increasing over time\                                               
  sheep                                 [Animal model]{.ul}: 3 cm critical size defect, duration12 and 48 weeks                                                                - Histology (trichrome masson-goldner), - Biomechanics                                                                                                                                                                                                                             - Bridging the defect up to defect healing in 50 % of the animals                                                                   
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Polycaprolactone-co-lactide (trade name: PCL, Catgut GmbH), Collagen I (Coll I), chondroitin sulfate A (CS), mesenchymal stem cells (hMSC).

Scaffold Design and Fabrication
===============================

Biodegradable scaffolds based on natural or synthetic polymers have received special attention in the field of tissue engineering and regenerative medicine. They can provide porous matrices that can temporarily support cells and guide their development.[@R7]^,^[@R8] An ideal polymeric scaffold requires several structural and chemical properties to control and promote specific events at the cellular and tissue level: a target tissue adapted structure, a sufficient porosity as well as interconnected pores of a suited size, an appropriate surface chemistry, a defined degradation rate and an easy fabrication in a variety of shapes and sizes. However, designing a suitable scaffold for bone applications has become one of the most challenging issues in material sciences.[@R7]^-^[@R9]

In the last decade, bone formation on 3-dimensional scaffolds based on a variety of polymers was studied. Among the synthetic scaffolds, polyester of [d]{.smallcaps},[l]{.smallcaps}-lactid, glycolid or ε-caprolactone and their copolymers were used intensely as they are approved by health authorities in various countries and are commonly studied materials for biomedical applications in bone and cartilage repair, as drug delivery systems‎, and as surgical sutures.[@R10]^-^[@R15]

A broad variety of manufacture technologies has been applied to process these biodegradable and bioresorbable materials into 3-dimensional scaffolds, including textile technologies, solvent casting and particulate leaching, gas forming, emulsion freeze drying, electro spinning, thermally induced phase separation, and rapid prototyping technologies. All of these processing techniques having advantages and disadvantages.[@R7]^,^[@R16]^,^[@R17]

The polycaprolactone-co-lactide used for this study was synthesized by ring-opening copolymerization of [l]{.smallcaps}-lactide and ε-caprolactone, with a molecular ratio of 75/25 (Gunze Ltd.). Melt spinning of the material resulted in a resorbable, monofilament fiber which is commercially available and approved as medical device (PCL, surgical suture, Catgut GmbH).[@R14]^,^[@R15]^,^[@R18]

A traditional manufacturing technique (embroidery) was used to produce PCL scaffolds in various sizes and shapes, in high quantity and quality, on electronically guided machines, including CAD techniques ([Fig. 1A](#F1){ref-type="fig"}). In general, the embroidery technique allows the control of the size, the arrangement and the orientation of the fibers and is an effective tool to produce highly porous scaffolds, required for implants to allow cell ingrowth and an efficient transport of nutrients, oxygen, growth factors and waste products through a rich vascularization. Despite these advantages, only few authors describe this method of embroidering scaffolds.[@R10]^,^[@R18]^-^[@R21]

![**Figure 1.** (A) Embroidering allows the fabrication of scaffolds in almost any size and shape. (B) Model of scaffold implantation in large bone defects. As many scaffolds as needed, could be piled up to create a real 3-dimensional implant that can be placed into the bone defect. New bone formation will take place during the scaffold resorption.](biom-2-158-g1){#F1}

Adapted for the reconstruction of large bone defects the authors created round scaffolds of ca. 1 mm thickness having a triaxial structure (deposition of the thread in a triangular assembly; 0°/60°/120° netting) with a stitch length of 1.4 mm and a mesh spacing of 1.2 mm ([Fig. 2A](#F2){ref-type="fig"}).[@R18]^,^[@R20] The scaffolds can be piled up, depending on the defects size, to create a real 3-dimensional implant ([Figs. 1B](#F1){ref-type="fig"} and [2B](#F2){ref-type="fig"}). The main advantages of the piling technique are the easy filling of any defect size as well as the possibility to provide scaffolds with different functionalities, e.g., coating and/or cell seeding within one implant. The created 3-dimensional PCL implant had a pore size of 0.2--1 mm, which represents a physiologically relevant range for bone tissue engineering. The 3-dimensional PCL scaffold showed an open and fully interconnected porosity of 87% ([Fig. 2B and C](#F2){ref-type="fig"}).[@R10]^,^[@R18]^,^[@R20]

![**Figure 2.** (A) Single embroidered scaffold designed for the reconstruction of large bone defects with a thickness of 1 mm and an outer diameter of 19 mm. The inner diameter of 10 mm provides space for an intramedullary nail. The triaxial structure had a stitch length of 1.4 mm and a mesh spacing of 1.2 mm. (B) The 3-dimensional reconstruction of the µCT analysis (Scanco vivaCT 75 system) of a 3 cm stack consisting of 30 single scaffolds shows an open porosity of 87%. (C) The analysis of the pore size distribution (Scanco vivaCT 75 system) shows homogeneously interconnected pores ranging between 0.1--0.8 mm distributed over the whole stack.](biom-2-158-g2){#F2}

Porosity and pore size play a critical role in bone formation. Whereas lower porosities can enhance osteogenesis by suppressing cell proliferation and forcing cell aggregation, higher porosities and pore size result in greater and faster bone ingrowth. However, a pore size greater than 300 µm is generally accepted for enhancing bone ingrowth.[@R22]^-^[@R24]

Scaffold Surface
================

Besides the scaffold structure, the properties of the scaffold surface such as wettability, chemistry and roughness play an important role in biocompatibility of the material. Surface properties have a significant influence concerning initial protein interactions, which will mediate the cell response. Numerous studies have shown that surface roughness and a moderate wettability play a role in adhesion, proliferation and subsequent functionality of cells.[@R25]^-^[@R27] However, for the construction of advanced bioartificial tissues, the material should not just be passively tolerated by the cells, but it should actively promote specific cell response.[@R27]

A treatment with NaOH turned the PCL polymer surface, described in this review, more hydrophilic which results in an increasing water contact angle. This promotes the collagen I (Coll I) surface coating on NaOH treated scaffolds (data not shown) and cell adherence after cell seeding on untreated, NaOH treated, NaOH treated and Coll I coated scaffolds ([Fig. 3](#F3){ref-type="fig"}).[@R18] Cell adhesion to artificial materials is mediated by molecules of the extra cellular matrix (ECM) e.g., fibronectin, vitronectin, collagen or fibrin which are normally adsorbed spontaneously to the material from different body fluids or are deposited by the cells themselves. On hydrophobic materials these molecules are adsorbed in a denatured and rigid state and their conformation is inappropriate for cells to bind.[@R27] The hydrolysis of the polymer surface with NaOH resulted in the exposure of carboxylate and hydroxyl groups on the surface, directing more specific ionic interactions with the positively charged amino groups of proteins.[@R18]^,^[@R28]^,^[@R29]

![**Figure 3.** Effect of NaOH treatment (1 M NaOH in 50% methanol) on hMSC cell adherence. Two hundred thousand cells initially seeded per scaffold.](biom-2-158-g3){#F3}

Surface Coating
===============

Tissue engineering strategies include the transplantation of different kinds of cells alone or seeded on a variety of scaffolds and/or the use of biomolecules (growth factors, proteins, peptides or polysaccharides), which affect the cells of the target tissue.[@R30]^,^[@R31] A considerable effort concerning tissue engineering strategies has been made in mimicking the ECM to guide morphogenesis and tissue repair.[@R32] According to the function of the ECM in providing structural support, physical environment and bioactive molecules for cells to attach, grow and migrate, as well as for the regulation of their activity, the best scaffold for an engineered tissue should be adjusted to the ECM of the target tissue. Due to the fact that its function, complexity and dynamic nature make it difficult to imitate the ECM exactly, mimicry of the ECM on scaffolds should be aspired, at least partly.[@R9]^,^[@R31] A step in the creation of an artificial ECM (aECM) is the immobilization of Coll I, the main component of the ECM, to the surface of scaffolds or implants.[@R10]^,^[@R18]^,^[@R33]^-^[@R36]

The function of Coll I can be ameliorated by glycosaminoglycans (GAG) like chondroitin sulfate (CS). CS is an important GAG inside the ECM of bone as a component of proteoglycans. It plays a key role in bone development, remodeling and healing by interacting with other molecules of the ECM, mediating cell adherence and providing the binding of different growth factors or cytokines on the ECM.[@R10]^,^[@R18]^,^[@R34]^,^[@R37]^-^[@R40]

The reticular PCL scaffolds used in this study were coated with Coll I or Coll I/CS. During the fibrillogenesis the Coll I (porcine skin, Medical Biomaterial Products) was adsorbed on the scaffold surface whereas CS (porcine trachea, Kraeber and Co. GmbH) was immobilized within the Coll I matrix ([Fig. 4A and B](#F4){ref-type="fig"}).[@R18]^,^[@R20]

![**Figure 4.** (A) The drawing presents schematically the Coll I and CS surface coating of a PCL scaffold showing immobilized Collagen fibrils on the polymer surface with incorporated CS chains. (B) The SEM micrograph shows the Coll I covering the polymer fiber and partly the pores. The addition of CS had no discernible influence on the resulting surface morphology.](biom-2-158-g4){#F4}

In Vitro Experiments
====================

In vitro assays using cell culture techniques are essential as the first step to discover the biological mechanisms and to characterize the effects of a material itself, as well as the material structure and surface properties, on isolated cells.

Non-coated, Coll I and Coll I/CS coated PCL scaffolds were seeded with mesenchymal stem cells (MSC) in a semi dynamic spinner system to investigate cell adherence, proliferation and differentiation.[@R18]^,^[@R20]^,^[@R21] As a result, the coating with Coll I enhanced cell attachment and proliferation, as well as an osteogenic differentiation in differentiation medium, compared with uncoated scaffolds. The Coll I I/CS coating induced osteogenic differentiation of MSC in regular cultivation media (expansion medium) without the common differentiation additives, indicated through the increasing activity of the alkaline phosphatase (ALP) and large amounts of calcified matrix ([Fig. 5A and B](#F5){ref-type="fig"}).[@R18]^-^[@R20]

![**Figure 5.** Differentiation of expanded or osteogenic differentiated hMSC on non-coated, Coll I coated, and Coll I/CS coated PCL scaffolds (exp, expansion medium; diff, differentiation medium). (A) alkaline phosphatase (ALP) activity, a.u. arbitrary units; (B) calcium deposition (significances: \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).[@R18]](biom-2-158-g5){#F5}

Although in vitro assays using cell culture systems permit the characterization of the effects of the material and its properties on isolated cell functions, the capacity to display the complex in vivo situation is limited and not reliable in predicting the performance in vivo or in clinical applications. Animal models are required when in vitro systems have reached their limits.[@R41]

Orthotopic Analysis in a Small Animal Model
===========================================

To establish a tissue engineering concept in a clinical setting, most of the feasibility and bioactivity testing are done in vitro and in small animal models like mice and rats. As an advantage, the outcomes can be determined after a relatively short period of time, animal-specific antibodies and probes are available, and the variation in radiography, imaging, histology and biochemical outcome is low.[@R42]

To evaluate the osteogenic potential of the embroidered, tissue-engineered PCL scaffolds for the application as a bone implant, a 5 mm long segmental mid-diaphysial femoral critical size defect was created in immunodeficient nude rats and stabilized with a mini-fragment plate. Ten piled-up PCL scaffolds were implanted into each defect to create a 3-dimensional scaffold, and four different conditions were investigated (group 1, non-coated; group 2, Coll I coated; group 3, Coll I/CS coated; group 4, Coll I/CS coated and hMSC seeded) ([Fig. 6A and B](#F6){ref-type="fig"}).[@R10]

![**Figure 6.** In vivo study small animals: created 5 mm orthotopic critical size defect (femur) in immunodeficient nude rat. Implantation of non-coated, Coll I or Coll I/CS coated, as well as Coll I/CS coated/hMSC seeded PCL scaffolds over 12 weeks, five animals per group. (A) Specially designed PCL scaffolds for rat femur critical size defects with a thickness of 0.5 mm and a diameter of 5 mm. (B) A 5-hole mini-fragment plate was fixed to the femur and a 5 mm long segmental mid-diaphysial osteotomy was performed. (C) 3-dimensional CT reconstruction of a rat femur (Coll I/CS group) showing callus formation along the femur. The new bone formed along and into the scaffold pad up to bridging the critical size defect. (D) Quantification of newly produced bone volume in the defect zone showed the highest amount of new bone in the Coll I/CS group (137%) compared with the non-coated (75%), Coll I (85%), or Coll I/CS/hMSC (72%) group. Non-operated contralateral femora were used as control (100%) (significance: \*p \< 0.05). (E) Quantification of the matrix deposition using a modified trichrome Masson-Goldner staining in the defect zone showing the highest matrix accumulation in the Coll I/CS/hMSC followed by the Coll I/CS group, the Coll I group and the non-coated group, a.u. arbitrary units (significances: \*p \< 0.05, \*\*p \< 0.01). (F) New bone formation occurred at the proximal and distal ends of the defect zone, localized around the scaffold pad and in the bordering scaffold areas (star, green coloring). The central part showed variable amounts of matrix aggregation (arrow, yellow coloring) depending on the surface modification of the scaffold (Coll I/CS/hMSC \> Coll I/CS \> Coll I \> non-coated).[@R10]](biom-2-158-g6){#F6}

Substantial differences in the in vivo bone healing between the differently coated scaffolds were observed. New bone formation took place in all groups, showing the significantly highest bone volume in the Coll I/CS group and the maximum matrix deposition in the Coll I/CS/hMSC group ([Fig. 6C--E](#F6){ref-type="fig"}). Although the seeded cells could survive the observation period after implantation, the expected positive influence on bone healing of the previously seeded hMSC could not be proven.[@R10] Due to these promising results and to clarify new bone formation under more specific, clinically relevant circumstances, further orthotopic investigations in large animals were realized.

Orthotopic Analysis in a Large Animal Model
===========================================

A typical progression of animal experiments is an evolution from smaller to larger animals to mimic the process of bone healing, as well as the implants used and the associated surgical procedures as closely as possible to that in humans.[@R41]^-^[@R43]

The embroidered 3-dimensional PCL scaffold stack (composed of 30 single scaffolds coated with Coll I/CS) was implanted in a 3 cm tibial critical size defect in sheep (n = 10) ([Fig. 7A and B](#F7){ref-type="fig"}). New bone formation was determined over a period of 3 (n = 5) and 12 (n = 5) months by histological, radiological, CT-morphometric and biomechanical investigations.

![**Figure 7.** In vivo study large animals: created 3 cm orthotopic critical size defect (tibia) in sheep. Implantation of Coll I/CS coated PCL scaffolds over 12 and 48 weeks, five animals per group and time point. (A) Thirty piled scaffolds forming a 3-dimensional implant. (B) Three centimeter long mid-diaphysial defect in the sheep tibia filled with 30 piled scaffolds. (C) Radiological investigation (false coloring) of four sheep tibia defect areas showing two tibial defects were bridged completely after 12 mo (2 and 4). One showed a hypertrophic non-union (1) and one an atrophic non-union (3). (D) The quantification of the bone volume ratio after 12 mo shows the newly formed bone averaged 172% (+/− 86%) as compared with the intact contra lateral tibiae used as a reference value (100%). (E) Biomechanical evaluation at 12 mo (maximum load until failure) demonstrated that two operated tibiae (1 and 4) reached 49% (2,880 N) and 63% (3,720 N) of the reference value for non-operated bone respectively (c.r., 100%, 5,875 N). The values in the other two animals (2 and 3) reached 18% (1,050 N) and 7% (428 N). (F) Trichrome Masson-Goldner staining. Bone formation took place directly around the scaffold fibers revealing no interconnected gaps. The newly formed lamellar bone inside the scaffolds presented osteons including Haversian canals suggesting regular bone formation. According to their natural localization, osteocytes (ocy) and osteoblasts (obl) could be localized within the bone or at the adjacent areas. The scaffold was completely vascularized (bv) and erosion of the PCL fibers was clearly visible. No inflammatory reaction was evident around the implant material after 12 mo.](biom-2-158-g7){#F7}

The scaffold handling, using the piling technique, was uncomplicated and allowed creating a 3-dimensional implant with fully interconnected pores and a completely coated surface. The future clinical user will be able to handle the implant technique following a simple instructions protocol, not requiring any new or expensive instruments. The surgeon will be flexible to adapt the number of scaffolds to the defect size. Scaffolds can be produced in any size to fit any diameter of long bone.

Microscopically the PCL scaffold could still be observed after 3 mo of implantation and was completely intermingled with firm connective tissue, cartilage and bone. New bone formation was mostly localized at the peripheral zone of the scaffold stack. Small islets of new bone matrix were present at the inner parts of the scaffolds, straight around the scaffold fibers. The new bone matrix enclosed the scaffold fibers without any fibrous interface. After 12 mo two out of four tibia defects were bridged ([Fig. 7C, E and F](#F7){ref-type="fig"}). New bone formation occurred from both proximal and distal tibial fragments until completely bridging the 3 cm critical size defect. One animal showed a hypertrophic nonunion and one an atrophic nonunion after 12 mo. Both animals had to be stabilized with a cerclage wire after nail insertion during surgery (see radiograph in [Fig. 7C](#F7){ref-type="fig"}). Additional fractures, treated with a cerclage, and probably unknown micro-fractures may be responsible for both observed nonunions. There was no inflammation or necrosis noticeable at both time points. The 3-dimensional PCL scaffold stack did not result in any tissue free or non-vascularized areas after 3 or 12 mo ([Fig. 7F](#F7){ref-type="fig"}).

Bone quantification was performed and revealed a mean new bone formation of 63% after 3 mo and 172% after 12 mo ([Fig. 7D](#F7){ref-type="fig"}) compared with the contralateral tibiae. Nevertheless, the quantity of bone is not the only important factor of healing. The bone quality, including cortical and trabecular structure, their thickness and spacing provide evidences for the apparent mechanical properties.[@R44] Reaching a biomechanical stability of 63% and 49% (in the two bridged defects) compared with the non-operated tibia after 12 mo, these preliminary data were considered as encouraging to plan additional large animal studies using a larger numbers of animals ([Fig. 7E](#F7){ref-type="fig"}).

Conclusions
===========

In vitro and in vivo studies with small and large animal models have demonstrated that embroidered and biologically modified Coll I/CS PCL scaffolds provide an appropriate network of interconnecting pores to act as a temporary matrix for cell adherence, migration, proliferation and differentiation. The 3-dimensional scaffolds allowed in vivo the reconstruction of a completely vascularized defect zone, presenting new bone formation by direct and endochondral ossification. However, to become clinically relevant a rigorous demonstration of the level of therapeutic benefit in preclinical models is important. Large animal pilot studies should be followed by additional preclinical investigations using an adequate number of animals over a clinically relevant time schedule, to create an environment that is as close as possible to the clinical setting in which a therapy will be used. From a scientific point of view the reported data are encouraging for these future experiments.

Data analysis
-------------

All statistical analyses were done using the Student's t-test.
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